1. Introduction {#sec0001}
===============

The β-cyclodextrin (β-CyD) has a limited aqueous solubility [@bib0001], [@bib0002] meaning that complexes resulting from interaction of lipophiles with this cyclodextrin exhibit the limited solubility resulting in precipitation of solid β-CyD complexes from water and other aqueous systems. Its low aqueous solubility character is interesting for using as a matrix former in solvent exchange-induced *in situ* forming gel. The main controlling step for the solvent exchange process is probably driven initially by water influx and onward by solvent efflux. This behavior is crucial for solvent-exchanged induced *in situ* forming gel [@bib0003]. In the periodontal pocket, the precipitation of polymer occurred after exposure the aqueous at injection site inducing the formation of a depot for consequent entrapping the drug with the controlled release manner [@bib0004]. Water is typically the solvent for inclusion complexation but this can be accomplished in a co-solvent system and in the presence of any non-aqueous solvents [@bib0005], [@bib0006]. In the present study, the high concentrated β-CyD solutions were prepared using the injectable solvents including dimethyl sulfoxide (DMSO), *N-*methyl pyrrolidone (NMP) and 2-pyrrolidone (PYR). DMSO is miscible with water and organic solvents and it can be used as a polymer vehicle *in situ* forming gel (ISG) and *in situ* forming microparticles (ISM) [@bib0007]. NMP is used as the organic solvent because of its solvating ability. Interestingly, a polar disubstituted cyclic amide group in NMP molecules has responsible for its interaction with water molecules for their complete miscibility. It acts as co-solvent owing to presence of the non-polar carbons of NMP which weakens the hydrogen-bonded structure of water [@bib0003]. It has been used in parenteral and oral dosage forms with thermally stable, biocompatible and biodegradable properties [@bib0008], [@bib0009]. It is also used as an acceptable solvent which the solubility of NMP is similar to that of ethanol and DMSO [@bib0009], [@bib0010]. NMP is used as solvent of Atridox^®^ gel for delivering antimicrobial drug for periodontitis treatment. PYR is miscible with a wide variety of other solvents; therefore, it is used as a plasticizer and polymer solvent of *in situ* forming gel system [@bib0011] and ISM [@bib0012]. The objective of the present study is to investigate physicochemical properties of β-CyD solutions in DMSO, NMP and PYR which have not been reported before. Moreover, the β-CyD precipitates obtained from these solvents were characterized. These obtained data will be useful for applying the concentrated β-CyD solution in these injectable solvents as the *in situ* forming gel as delivery system to deliver the active compounds for periodontitis treatment.

2. Materials and methods {#sec0002}
========================

2.1. Materials {#sec0003}
--------------

β-CyD (lot no. 70P360) was kindly supported by Pharmanueva Co., Ltd., Bangkok, Thailand. NMP (lot no. A0251390, Fluka, New Jersey, USA), DMSO (lot no. 453035, Fluka, Switzerland) and PYR (lot no. BCBF5715V, Fluka, Germany) were used as the solvents for β-CyD. Potassium bromide (KBr) (spectrograde) was purchased from Fisher Scientific UK limited, UK and phosphoric acid (Merck KGaA, Darmstadt, Germany), potassium dihydrogen phosphate (KH2PO4) (ARgrade, lot no. P5104-1-1000, QREC Chemical CO, LTD, Chonburi, Thailand) were used as received.

2.2. Preparation of β-CyD solutions {#sec0004}
-----------------------------------

The 30%--60% (w/w) β-CyD solutions were prepared in NMP, DMSO and PYR by stirring until the clear solutions were obtained.

### 2.2.1. Preparation of β-CyD precipitates {#sec0005}

The 20 g of 30% (w/w) β-CyD solution were titrated with distilled water until the initial phase separation was evident with precipitate formation. Then the amount of distilled water was continued to add to cause no further apparent precipitation. Then, the obtained precipitate was filtered and washed with cool distilled water several times to eliminate the solvent from precipitate and was dried in hot air oven at 60 °C for 2 d and kept in desiccator containing dried desiccant before test.

2.3. Evaluations {#sec0006}
----------------

### 2.3.1. Characterization of β-CyD solutions prepared from three solvents {#sec0007}

#### 2.3.1.1. Gel appearance, density and pH measurement {#sec0008}

The appearance of the prepared formulations was examined visually, and the pH values of β-CD solutions were measured using a pH meter (Ultra 24 Basic UB-10, Denver Instrument, Bohemia, New York) (*n* = 3). All samples were compared with pure solvents and distilled water. In addition, both pure solvents and β-CyD solutions were investigated for the density using pycnometer (Densito 30PX, Mettler Toledo Thailand Ltd, PortableLab TM) (*n* = 3).

#### 2.3.1.2. Apparent viscosity {#sec0009}

The appearance viscosity and rheology of the prepared β-CyD solutions were investigated at 25 °C using Brookfield DV-III Ultra programmable rheometer (Brookfield Engineering Laboratories. Inc., USA) (*n* = 3). The apparent viscosity of pure solvents (DMSO, NMR and PYR) was determined.

#### 2.3.1.3. Measurement of water resistance {#sec0010}

In order to determine the resistance of β-CyD solutions for inducing phase separation with water, the titration method with distilled water was used. The 20 g of 30% (w/w) β-CyD solutions in erlenmeyer flask were titrated with distilled water until the initial phase separation was evident. The amount of used water was recorded and expressed as the percentage to indicate the water resistance (*n* = 3).

#### 2.3.1.4. Matrix formation {#sec0011}

The observation of β-CyD matrix formation due to water diffusion into formulations was studied by filling each 150 µl β-CyD solutions into the well with diameter of 6 mm of the 0.6% agarose gel containing PBS pH 6.8 which mimic artificial periodontal pocket [@bib0013]. When water diffused into the sample, the apparent system was changed from transparent to opaque insoluble β-CyD matrix. The distance of matrix formation (opaque front) with time was recorded under a stereo microscope (Motic SMZ-171 Series). The rate of matrix formation into β-CyD solutions was correlated as opaque distance and time as [Eq. (1](#eqn0001){ref-type="disp-formula"}): $${\text{Rate}\mspace{6mu}\text{of}\mspace{6mu}\text{matrix}\mspace{6mu}\text{formation}\mspace{6mu}} = \mspace{6mu}\frac{{\text{Distance}\mspace{6mu}\text{of}\mspace{6mu}\text{opaque}\mspace{6mu}\text{front}\mspace{6mu}}\left( \text{mm} \right)}{{\text{time}\mspace{6mu}}\left( \text{min} \right)}$$

#### 2.3.1.5. Solvent diffusion {#sec0012}

To determine the characteristic of solvent diffusion, the 0.6% agarose gel containing PBS pH 6.8 with the cylindrical well (diameter of 6 mm) was filled with 150 µl β-CyD solutions dyed with amaranth (0.1 g/10 ml). During solvent exchange, the change was captured with stereo microscope (Motic SMZ-171 Series) every 5 min for 30 min. The distance of amaranth diffusion front was measured in triplicate. The rate of solvent diffusion together with amaranth into agarose gels was correlated as [Eq. (2](#eqn0002){ref-type="disp-formula"}). $$\begin{array}{ccl}
 & & {\text{Rate}\mspace{6mu}\text{of}\mspace{6mu}\text{solvent}\mspace{6mu}\text{diffusion}\mspace{6mu}\text{into}\mspace{6mu}\text{the}\mspace{6mu}\text{gels}\mspace{6mu}} \\
 & & {= \frac{{\text{Distance}\mspace{6mu}\text{of}\mspace{6mu}\text{amaranth}\mspace{6mu}\text{color}\mspace{6mu}\text{front}\mspace{6mu}\text{distance}\mspace{6mu}}\left( \text{mm} \right)}{{\text{time}\mspace{6mu}}\left( \text{min} \right)}} \\
\end{array}$$

#### 2.3.1.6. Syringeability test {#sec0013}

For injectable formulation, syringeability of the systems is an important factor to be considered for the ease of administration to periodontal pocket. Syringeability test was determined by using texture analyzer (TA.XT plus, Stable Micro Systems, UK) in compression mode. The test sample was filled into 1 ml syringe with 27-guage needle which is widely used in the dental field [@bib0014] and then this needle was clamped with stand. The upper probe of the texture analyzer moved downward until it comes into contact with the syringe barrel base. A constant speed of 1.0 mm/s and constant force of 0.1 N were applied. The distance required to expel the contents for a barrel length of 20 mm was measured and recorded. The work of injection was measured in triplicate at room temperature.

### 2.3.2. Characterization of dried β-CyD precipitates {#sec0014}

#### 2.3.2.1. Determination of morphology by inverted microscope {#sec0015}

The ppts after dispersed in distilled water were dropped onto the slide and visually recorded their morphology every 10 s for 3 min under an inverted microscope (Nikon DXM 1200, Japan). Moreover, to observe the topography of systems, ppts were coated with gold prior to examination using scanning electron microscope (SEM) (Maxim 200 Camscan, Cambridge, England) at an accelerating voltage of 15 kVat magnifications of ×200, ×500, and ×2000.

#### 2.3.2.2. Determination of topography by scanning electron microscopy (SEM) {#sec0016}

The topography of ppts was observed by SEM. The ppts were coated with gold prior to examination using scanning electron microscope (SEM) (Maxim 200 Camscan, Cambridge, England) at an accelerating voltage of 15 kVat magnifications of ×200, ×500, and ×2000.

#### 2.3.2.3. Morphology change under hot stage microscope (HSM) {#sec0017}

Change of precipitate morphology was also studied using a hot stage microscope (HSM Mettler Toledo, model FP82HT, SNR 5130346892, Switzerland) at room temperature to 300 °C. The sample of 0.1 mg was placed on glass slides and heated at 5 °C/min.

#### 2.3.2.4. Melting point {#sec0018}

A small quantity of powder was placed into a capillary tube and the tube was placed in the capillary melting apparatus (Melting point M-560, BUCHI, Switzerland) and the temperature was gradually increased automatically. The temperature at which powder started to melt and the temperature when all the powder completely melted were recorded (*n* = 3).

#### 2.3.2.5. X-ray powder diffractometer {#sec0019}

The X-ray diffraction (XRD) was performed upon the intact β-CyD and three β-CyD ppts. The ppts were filled into a glass sample holder with 0.2 mm depth and then loaded to an X-ray powder diffractometer (Miniflex II, Rigaku Corp. Tokyo, Japan). The CuKα source (*λ* = 1.54 Å) operated at 30 kV and 15 mA was used to record powder X-ray diffraction patterns in the 2*θ* range of 4°--60° at a step size of 2°/min.

#### 2.3.2.6. Differential scanning calorimetry (DSC) {#sec0020}

The thermal properties of samples were determined using DSC (Pyris Sapphire DSC, Standard 115 V, Perkin Elmer instruments, Japan). The intact β-CyD and three β-CyD ppts were weighed accurately 5 mg into aluminum pan (PerkinElmer, Inc., MA, USA) and sealed and operated under dry nitrogen atmosphere which the measurement temperature was set at the ranges of 0 °C to 300 °C with heating rate of 10 °C/min.

#### 2.3.2.7. Thermogravimetric analysis (TGA) and differential thermogravimetric analysis (DTGA) {#sec0021}

Thermal properties of intact β-CyD and three β-CyD ppts were determined using the thermal gravimetric analysis (TGA) (Pyris TGA, PerkinElmer, USA) The 15-mg intact β-CyD and three β-CyD precipitates were placed on an aluminum pan, and heated from 30 °C to 600 °C at 10 °C/min. The weight differences were recorded, and the percent weight loss was calculated. Then the differential thermogravimetric analysis (DTGA) was also calculated.

#### 2.3.2.8. Fourier-transform infrared (FT-IR) spectroscopy {#sec0022}

The FT-IR spectra of the intact β-CyD and β-CyD ppts were recorded using KBr method using FT-IR spectrophotometer (FT/IR-4100, JASCO International Co., Ltd., Tokyo, Japan). Approximately 2 mg each sample was mixed and ground with 100 mg KBr before compressed into pellet using KBr die kit. The test was performed with the wave number ranges of 400--4000 cm^−1^ with 32 scans at 4 cm^−1^ resolution.

### 2.3.3. Statistical analysis {#sec0023}

For statistical analysis of the measurements, the one-way analysis of variance (ANOVA) followed by the least significant difference (LSD) post hoc test was performed using PSPP for Windows. The significance level was set at *P* \< 0.05.

3. Results and discussions {#sec0024}
==========================

3.1. Characterization of β-CyD solutions prepared from three solvents {#sec0025}
---------------------------------------------------------------------

### 3.1.1. The gel appearance, density and pH measurement {#sec0026}

The 30% (w/w) β-CyD was readily dissolved in all three injectable solvents. The 35%--40% (w/w) β-CyD was also dissolved in three different solvents but it was taken time about 2 h to be completely dissolved. The rather clear solutions were obtained for 45% (w/w) β-CyD in NMP and PYR. The 45%--60% (w/w) β-CyD solutions required heating at temperature of 150 °C and stirring process to obtain the clear solution in DMSO which they were still clear solution after cooling down at room temperature.

PYR and its β-CD solutions showed the highest density and that of DMSO and its systems were slightly lower. NMP and its related solutions gave the lowest density among three solvents. The more the concentration of intact β-CD, the more increased density of the solution were attained ([Table 1](#tbl0001){ref-type="table"}). The high density of PYR related with its high viscosity and could affect the diffusion property of these solvent. In addition the higher density of the developed solutions than water indicated that they could transform into matrix-like after exposure an aqueous environment and could deposit at bottom of target site such as periodontal pocket properly.Table 1pH and density (mean ± SD) for β-CyD solutions and its respective solvents (*n* = 3).Table 1β-CyD conc. (%, w/w)NMPDMSOPYRpHDensity (g/cm^3^)pHDensity (g/cm^3^)pHDensity (g/cm^3^)012.284 ± 0.0161.0287 ± 0.00211.078 ± 0.3851.092 ± 0.00211.458 ± 0.011.106 ± 0.000307.286 ± 0.0011.141 ± 0.00010.443 ± 0.0031.192 ± 0.0048.9 ± 0.2981.195 ± 0.001358.234 ± 0.0061.159 ± 0.0019.697 ± 0.0021.210 ± 0.0028.583 ± 0.0121.213 ± 0.001408.632 ± 0.0021.294 ± 0.0009.667 ± 0.0031.227 ± 0.0018.173 ± 0.0111.812 ± 0.00045NDND9.763 ± 0.0041.236 ± 0.000NDND50NDND9.748 ± 0.0041.255 ± 0.000NDND55NDND9.726 ± 0.0041.265 ± 0.000NDND60NDND8.973 ± 0.031.296 ± 0.000NDND[^1]

The pH of NMP was highest and followed by PYR and DMSO, respectively ([Table 1](#tbl0001){ref-type="table"}). The increased amount of β-CD in the solution containing DMSO gradually decreased the pH of solution. However, the prominent reduction in pH was observed in the β-CD solution containing NMP and PYR. This may be due to the hydrogen formation of β-CD with lone pair electrons in NMP and PYR which led to the increase in acidity. But the stearic hindrance effect of NMP caused less acidic than PYR [@bib0015].

### 3.1.2. Apparent viscosity {#sec0027}

Viscosity, as an internal property of a fluid, offers the resistance to flow affecting abundant properties of *in situ* forming systems, especially the character of solvent exchange and diffusion rate [@bib0016]. PYR exhibited higher apparent viscosity than NMP and DMSO, respectively, and they were accounted for 10.61 ± 0.22, 8.01 ± 0.06 and 0.82 ± 0.04 cPs, respectively. This result corresponded with the density value as mentioned previously. The apparent viscosity of solvents was noticeably increased when β-CyD was added. This proved the strong interaction of respective solvent with β-CyD molecule. Among them, the 40% (w/w) β-CyD solution in PYR showed the highest viscosity (99.67 ± 0.12 cPs) due to apparent higher viscosity of solvent itself while that of NMP and DMSO exhibited lower viscosity of 45.7 ± 8.6 cPs and 29.4 ± 8.40 cPs, respectively. The trend of apparent viscosity of β-CyD solutions using different solvents were PYR  \>\> NMP \> DMSO.

In this study, the curves moved to a higher shear stress value when concentration of β-CyD was increased in all solutions signifying the compact structure of the gels [@bib0017]. By comparison, the β-CyD solution in PYR showed the highest shear stress which was followed by that dissolved in NMP and DMSO, respectively. All the β-CyD solutions showed the Newtonian flow ([Fig. 1](#fig0001){ref-type="fig"}). Typically, for ease of injection, the optimal rheological behavior of the *in situ* forming gel should be a Newtonian or pseudoplastic flow [@bib0018].Fig. 1Rheological properties of β-CyD solutions.Fig 1

### 3.1.3. Water resistance of β-CyD solutions {#sec0028}

The titration with distilled water was used to determine the resistance for phase separation of β-CyD solutions. The different pairs of β-CyD-solvent exhibited different phase separation behavior or the precipitation pattern. The β-CyD in PYR showed the highest tolerance for phase separation while β-CyD in NMP gave the faster de-mixing rate compared to that from PYR. PYR has less affinity with water [@bib0011] and the system containing PYR was more viscous [@bib0019] which retarded the diffusion rate of water into the β-CyD solution. Thus, the amount of water used for phase separation of β-CyD containing PYR was higher and the amount of water used for phase separation of 30% β-CyD solution in PYR was 258.34% ± 2.89% (w/w). The polar nature of the solvents has high affinity with water as the like dissolve like theory. The polarity of DMSO was higher than 2-pyrrolidone [@bib0020], [@bib0021]. Owing to the high affinity with water and lower viscosity than that of PYR, the de-mixing rate of β-CyD from DMSO was more rapid than PYR. The amount of water used for phase separation of β-CyD solution containing DMSO was 180.00% ± 7.55% (w/w). The polar disubstituted cyclic amide group of NMP molecule can interact with water molecules causing the complete miscibility [@bib0003]. In addition, the less viscous behavior of NMP allowed the water molecule to penetrate into β-CyD solution easily and rapidly. Hence, the β-CyD solution containing NMP showed the fastest de-mixing rate with the small volume of water (74.17% ± 1.04%, w/w).

### 3.1.4. Matrix formation and solvent diffusion {#sec0029}

The solvent exchange process was probably driven initially by water influx and onward by solvent efflux. This behavior is crucial for solvent-exchanged induced *in situ* forming gel or ISM to transform from solution or emulsion, respectively, into gel or microparticle [@bib0003]. The rate limiting step of structure change into gel formation or solid matrix was the diffusion rate of aqueous into the β-CyD solution [@bib0018]. Therefore, the effect of solvents on diffusion rate and the β-CyD matrix formation were studied. When the PBS diffused into the β-CyD solution, the solvent exchange process happened, and the solvent diffused into the surrounding aqueous environment. Consequently, the water diffused into the β-CyD solution and opaque-ring was occurred as phase separation zone which represented the process of matrix formation from outer area to inner area which the enlargement of this band was increased by time. Owing to the strong water miscibility of NMP, the diffusion rate of water into β-CyD solution and transformation rate into matrix was rapid ([Fig. 2](#fig0002){ref-type="fig"}A and B). The opaque band of β-CyD solution using PYR as solvent was small because of the high viscosity of solvent itself. The DMSO has a high affinity with water [@bib0022]. In addition, the β-CyD solution containing DMSO as solvent promoted a rapid phase inversion than that of the PYR owing to its less viscous nature [@bib0023]. However, the transformed solid-like matrix behaved like a thicker barrier with time for the aqueous penetration into inner system. Thus, the diffusion path was lengthened, and the penetration of water was gradually slower with time.Fig. 2Distance of matrix formation (A) and rate of matrix formation (B) (*n* = 3); (C) visual image of solvent diffusion of systems prepared with different solvents containing amaranth as a colorant.Fig 2

In ISG system, the solvent typically diffuses into the surrounding aqueous environment and water diffuses into the polymer matrix and then the polymer precipitates and thereafter the formation of a solid-like matrix is occurred [@bib0024]. Thus, the amaranth font movement was used to indicate the solvent diffusion. The diffusion of solvent together with amaranth as red front into the surrounding environment was investigated under stereomicroscope. The movement of solvent front was occurred after 5 min ([Fig. 2](#fig0002){ref-type="fig"}C). Owing to the high affinity of water and least viscosity nature of NMP, the rapid exchange of solvent with water was observed. This led to the lowest distance of solvent front movement whereas the more viscous DMSO created the slower diffusion of water and matrix formation rate. This allowed the movement of solvent front to be longer. Thus, the distance of solvent front of DMSO was higher than that of the NMP. The highest solvent front was occurred in the β-CD solution containing PYR.

### 3.1.5. Syringeability test {#sec0030}

The present study indicates that the force of syringeability between β-CyD solutions was statistically different. The increasing β-CyD content increased the work required for expulsion indicating lower syringeability. [Fig. 3](#fig0003){ref-type="fig"} shows the work force for syringeability of the β-CyD solutions and pure solvents. Higher concentration of β-CyD in NMP at 45% (w/w) and that of PYR of \>40% (w/w) could not be expelled through the 27-gauge needle. By comparison, PYR exhibited particularly lower syringeability than others owing to the highest viscosity of PYR. The solvent affinity to the polymer could affect the syringeability of the ISG. A good solvent is dominant the polymer-solvent interaction over the polymer-polymer which leads to lowering the viscosity [@bib0011]. Typically, the preparations with the applied force lower than 50 N were acceptable as injectable dosage forms [@bib0025]. Among three solvents, DMSO could solubilize the high amount β-CyD and gave the higher syringeability indicating the ease of administration of *in situ* forming system by injection.Fig. 3Syringeability of pure solvents and β-CyD solution (*n* = 3), \**P* \< 0.05.Fig 3

3.2. Characterization of β-CyD dried ppts {#sec0031}
-----------------------------------------

### 3.2.1. Morphology under inverted microscope {#sec0032}

Intact β-CyD exhibited the definite rhombic dodecahedral large crystals as previously reported [@bib0026]. The ppt obtained from DMSO exhibited the small irregular structure which was deformed with time ([Fig. 4](#fig0004){ref-type="fig"}). The smaller particle size of β-CyD ppt obtained from DMSO was due to the solubility of β-CyD in DMSO which was proved by the higher amount of water used to precipitate the β-CyD in water resistant study. However, some well-defined structure was still occurred in DMSO ppt which indicated that β-CyD might partially complexed with DMSO. The substantially large and nearly planar non-polar region of NMP may lead to hydrophobic interaction between NMP and β-CyD molecule to form a complex [@bib0003]. On the other hand, the ppt obtained from PYR resembled in bundle of rhombic dodecahedral crystals which look likes dendrites and it might be due to the aggregation formation between β-CyD and PYR ([Fig. 4](#fig0004){ref-type="fig"}). Therefore, the obtained β-CyD ppts exhibited the quite different morphology from that of the intact β-CyD.Fig. 4Morphology of dried β-CyD ppts after dispersed in distilled water under inverted microscope (10×).Fig 4

### 3.2.2. Morphology by SEM {#sec0033}

The large well-defined flake-type crystalline particles were found in the intact β-CyD ([Fig. 5](#fig0005){ref-type="fig"}). The morphology of ppts from DMSO showed the well-defined surface similar to the intact β-CyD and this unchanged crystal particles proved no interaction between DMSO and β-CyD because the strong interaction between compound and CDs caused no more possible for differentiation of the crystals of both components [@bib0027]. In addition, the guest/host inclusion complexes can increase the tendency of β-CyD molecules to form aggregates [@bib0028]. The agglomerate aggregated on flake type crystalline particles was observed in NMP ppt while the rod-like aggregates were observed in PYR ppt whereas the change in the morphology of intact β-CyD was observed. This change in morphology of ppts might be the indicative partial complexation or aggregation of β-CyD with NMP and PYR.Fig. 5SEM photomicrographs of intact β-CyD and β-CyD precipitates from different solvents.Fig 5

### 3.2.3. Morphology from hot stage microscopy (HSM) {#sec0034}

The HSM photomicrograph revealed that the crystalline structure of intact β-CyD did not alter any modification ([Fig. 6](#fig0006){ref-type="fig"}). For β-CyD ppts from NMP and DMSO, their crystalline structures were observed at low temperature. The behavior of ppt obtained from DMSO showed similar characteristic to intact β-CyD signifying the β-CyD partially complexed with DMSO. But heating to higher temperature (290 °C), the partial melting of crystals was occurred. In the case of the β-CyD ppt from DMSO, the small and large vesicles were also observed. The melting of the β-CyD ppt crystal from PYR was observed even at low temperature. Thus, HSM proved the evidence of the changes for the character of the intact β-CyD when it dissolved in solvents with the partial complexation with solvents.Fig. 6Morphology of intact β-CyD and β-CyD precipitates from different solvents under HSM (40×).Fig 6

### 3.2.4. Melting point of β-CyD precipitates {#sec0035}

Although there is no definite melting point, CyDs have begun to decompose from about 200 °C and above [@bib0029]. In the present study, the melting point of intact β-CyD was occurred within the range of 267.5--269.3 °C. Comparison among β-CyD precipitates, the β-CyD in NMP gave the highest melting point of 296.8 °C which was followed by β-CyD in PYR and β-CyD in DMSO. The value of their melting points was accounted for 293.0 °C for PYR and 283.6 °C for DMSO respectively. The new arrangement of crystalline structure of β-CyD precipitated from solvents as seen from above SEM results together with complexation between β-CyD and respective solvent could occur because the melting point of β-CyD precipitates was higher than that of intact β-CyD. The inclusion complexation could increase the thermal stability [@bib0027].

### 3.2.5. X-ray powder diffraction {#sec0036}

Diffractograms of intact β-CyD exhibited a series of thin and intense lines corresponding to its crystallinity shown in [Fig. 7](#fig0007){ref-type="fig"}A. When the respective solvent was introduced into the cavities of β-CyD during the formation of inclusion complex, the similar diffraction with intact β-CyD might be obtained [@bib0030]. The similar diffraction patterns with low intensities were observed in β-CyD ppts. Moreover, the intensity of sharp maximum peak presented in intact β-CyD was reduced in that of DMSO and PYR ppts indicating the partial complexation behavior. The partial complexation between β-CyD and PYR might be due to the hydrophobic part of solvent molecules incorporated into the β-CyD cavity [@bib0003] while the partial complexation between β-CyD and DMSO might be the result of the of hydrogen bond formation to an oxygen atom of DMSO and hydroxyl group of β-CyD [@bib0022]. The sharp maximum peak of intact β-CyD was not occurred in ppt obtained from NMP and the peak was dispersed in this ppt. Therefore, the different and lower intensities may be indicative of partial complexation.Fig. 7(A) XRD diffractograms; (B) DSC thermograms; (C) TGA curves and (D) DTGA curve of intact β-CyD and β-CyD ppts prepared from different solvents (DMSO, NMP and PYR).Fig 7

### 3.2.6. Differential scanning calorimetry (DSC) {#sec0037}

The intact β-CyD exhibited only a broad endothermic peak at 180 °C and no peaks were observed below 150 °C. The peak of DMSO ppt was shifted to lower temperature and the residual presence of the drug melting peak is the indication of the existence of free drug molecules which suggested that there was no or not complete inclusion complexation [@bib0031] which was in accordance with the SEM study. The β-CyD ppt derived from NMP exhibited a broad endothermic peak which was similar to intact β-CyD, but the peak was shifted to higher temperature. The PYR ppt gave the residual peak of the pure solvent at 140 °C and the sharp endothermic peak of β-CyD was shifted to 240 °C. The results are shown in [Fig. 7](#fig0007){ref-type="fig"}B. The solid-states interactions caused the energy activation for the decomposition of β-CyD which could lead to the change in the temperature peak of the β-CyD dehydration band [@bib0032]. Typically, the increased decomposition temperature might be assumed as the increased thermal stability of the inclusion complex [@bib0033]. Therefore, the DSC thermogram of β-CyD ppts indicated a sign of partial inclusion complex of β-CyD with respective solvents.

### 3.2.7. Thermogravimetric analysis (TGA) and derivative of thermogravimetric analysis (DTGA) {#sec0038}

The thermogravimetric analysis (TGA) was carried out to identify the changes in weight percent with respect to temperature change. TGA reveals that intact β-CyD exhibited two stages of weight loss ([Fig. 7](#fig0007){ref-type="fig"}C and D). Loss of water molecules from intact β-CyD cavity occurred at 76 °C in the first stage. The degradation temperature of cyclodextrin has been reported at about 300 °C [@bib0034], which the weight loss related to the decomposition of intact β-CyD was occurred at 305 °C. The flat curve of TG was observed between 120 °C and 280 °C and no mass loss was detected [@bib0035]. For β-CyD ppt derived from DMSO, the first stage of loss of water molecule occurred in intact β-CyD was disappeared and it exhibited only one mass loss at 299 °C. This different weight loss pattern occurred in ppt derived from DMSO was the indicative of the partial complexation behavior. First weight loss for β-CyD ppt derived from NMP started at 73 °C which was similar to the water loss of intact β-CyD. The second mass loss for β-CyD ppt derived from NMP was decreased to 225 °C which indicates the decrease in thermal stability of β-CyD ppt [@bib0036]. In case of the mass loss for ppt derived from PYR, it gave two stages of weight loss as occurred in intact β-CyD except the water loss temperature was increased to 157 °C and the second decomposition temperature was increased above 310 °C. The residual weight of β-CyD ppt above 300 °C after thermal decomposition exhibited similar weight to that of the intact β-CyD which indicates the partial incorporation of β-CyD in respective solvents. The TGA of pure solvents were studied and compared with that of the β-CyD ppts (data not shown). The TGA of the pure NMP and PYR revealed the weight loss between 90 °C and 200 °C while the complete weight loss of DMSO was occurred earlier than NMP and PYR which was happened below 100 °C. This may be due to the boiling point of DMSO which accounted for 189 °C [@bib0037]. As the boiling point of NMP was 202 °C [@bib0003] and that of PYR was 245 °C [@bib0038], there was no residual weight of pure solvents were observed above 250 °C. This observation was corresponded to the residual weight observed in β-CyD ppt above 300 °C which was the component of β-CyD; therefore, this thermal behavior indicated the complexation of β-CyD with solvents. The two stages of weight loss were occurred in intact β-CyD and they were accounted for 10% and 50% weight loss at 100 °C and 325 °C, respectively. The two stages of %weight loss for ppt obtained from DMSO was less than that of intact β-CyD. The three stages of weight loss for ppt obtained from NMP were occurred and the temperature for first weight loss was less than that of the intact β-CyD. On the other hand, the prominent different weight loss pattern was obtained in ppt form PYR which the weight loss was more than 10% and 50% at 160 °C and 350 °C, respectively. This phenomenon indicates that the β-CyD ppts had changed the thermal degradation properties of intact β-CyD which proves that the morphology of the intact β-CyD was changed.

### 3.2.8. Fourier-transform infrared spectroscopy {#sec0039}

FTIR spectrum of intact β-CyD and precipitates is shown in [Fig. 8.](#fig0008){ref-type="fig"} The prominent peak of intact β-CyD in the region of 3000--3500 cm^−1^ was due to O---H stretching vibration [@bib0039]. The vibration of ---CH and ---CH2 groups was occurred in the 2800--3000 cm^−1^ region [@bib0040]. The C000000000000 000000000000 000000000000 111111111111 000000000000 111111111111 000000000000 000000000000 000000000000O group gave the strong absorption near 1820--1660 cm^−1^, C---O asymmetric stretching and OH bending were occurred in the range of 1200--1000 cm^−1^, respectively [@bib0039]. Almost similar peak at wave-number of the intact β-CyD was observed in the obtained ppts. However, overlapping of O---H and C---H group promoted in peak broadening of β-CyD ppts. Other corresponding peaks of O---H, C---H (bending), CO, C---H (stretching) occurred in intact β-CyD were evident at the lower frequencies in ppts. Although the functional group of the intact β-CyD was not changed, strong intensities in the area between 1800 cm^−1^ in PYR and NMP ppts proved the insertion of molecules into the electron rich cavity of β-CyD and it caused to increase the density of electron cloud, which led to the increase in frequency [@bib0041].Fig. 8FT-IR spectra of intact β-CyD and β-CyD precipitates prepared from different solvents.Fig 8

4. Conclusion {#sec0040}
=============

Owing to the highest viscosity of the solvent itself, the β-CyD solutions containing PYR as solvent exhibited the highest viscosity which was followed by the β-CyD solution prepared from DMSO and NMP, respectively. The β-CyD dissolved in NMP and DMSO exhibited the higher rate of solvent diffusion and solid matrix formation. In addition, the high concentrated β-CyD could be prepared in injectable solvents, especially in DMSO, with low viscosity and Newtonian flow. β-CyD in PYR exhibited the highest water resistance and its matrix formation was lower than that in DMSO and NMP. From DSC, TGA, X-ray diffraction and FT-IR data, β-CyD precipitates prepared from these solvents showed the complexation between β-CyD and solvent molecules. Therefore, these characteristic properties will be useful for further using β-CyD solutions as matrix former in the *in situ* forming gel for periodontitis treatment.
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[^1]: ND = not determined.
